The grid connection of intermittent energy sources such as wind power and photovoltaic power generation brings new challenges for the economic and safe operation of renewable power systems. To address these challenges, a multi-time-scale active power coordinated operation method, consisting of day-ahead scheduling, hour-level rolling corrective scheduling, and real-time corrective scheduling, is proposed for the combined operation of wind-photovoltaic-thermal-hydro power and battery (WPTHB) to handle renewable power fluctuations. In day-ahead scheduling, the optimal power outputs of thermal power units, hydro-pumped storage units, and batteries are solved with the purpose of minimizing the total power generation cost. In hour-level rolling corrective scheduling, the power output plan of thermal power units and pumped storage units is modified to minimize the correction cost based on the on-off state of thermal power units determined in day-ahead scheduling. In real-time corrective scheduling stage, the feedback correction and rolling optimization-based model predictive control algorithm is adopted to modify the power output of thermal power units, hydro-pumped storage units, and batteries optimized in hour-level rolling correction scheduling, so as to ensure the economy of the correction plan and the static security of system operation. Finally, simulation results demonstrated that the proposed method can accurately track system power fluctuations, and ensure the economic and security operation of a multi-energy-generation system.
wind-photovoltaic power generation system was established in [12] and the influence of dispatch time resolution on system operation cost was analyzed. In [13, 14] a statistical method was used to analyze the power output characteristics of wind-photovoltaic power and provide a solid data support for the combined system optimal operation. Authors of [15] proposed a constraint-based iterative search algorithm for the energy scheduling of a hybrid microgrid system with wind-photovoltaic and storages. The aforementioned references have focused on the combined system optimal scheduling of a single time scale with some promising results; however, they have not fully explored the complementary operation characteristics of multiple-energy sources for multiple time scale optimal scheduling.
Wind power and photovoltaic power generation are greatly affected by weather conditions, though the accuracy of renewable power prediction is difficult to be guaranteed, the error of wind-photovoltaic power prediction gradually decreases with the reduced time scale. At the same time, the power generation output characteristics of controllable power sources such as hydropower, thermal power, and energy storage are different at various time scales, and the complementary coordination among multiple energy sources could be explored for multi-time-scale coordinated optimal operation. In [16] a multi-time-scale scheduling for the combined cooling heating and power (CCHP) was proposed. Bukhsh et al. [17] solved an optimal power flow problem with the uncertainty of renewable energy power generation in two stages. The first stage determined the operation mode of the conventional power station, and the second stage relied on demand-side flexibility to search an optimal scheduling of wind-photovoltaic power. In [18] , Xu et al. combined photovoltaic power plants with thermal energy storage and electric heaters to develop a daily stochastic two-stage wind-photovoltaic scheduling model in a rolling fashion manner. In [19] , a multi-time-scale dispatch model of wind-thermal power was presented and the spinning reserve requirement was optimized to reduce the total power generation cost. In [20] a multi-time-scale active power scheduling model was established for wind-storage combined power generation system, and a dynamic economic dispatching algorithm was adopted to solve the model on the basis of rolling forecast for wind power. A multi-time-scale coordinated optimization model for CCHP was established in [21] , and afterwards it was solved by a multi-scenario stochastic programming with a model predictive control method. Based on the idea of "multi-level coordination, step-by-step refinement", a multi-time-scale rolling scheduling model was established in [22, 23] considering the uncertainties of wind-photovoltaic power generation and system demand response.
This paper proposes a multi-time-scale active power-coordinated scheduling method for combined operation of wind-photovoltaic-thermal-hydro power and battery units (WPTHB). Based on different power regulation speeds and capacity of batteries, thermal units, and hydro-pumped storage, a multi-time-scale scheduling model is designed to explore the complementary operation potential of batteries, thermal units, and hydro-pumped storage units. Comparing with a traditional scheduling model, the distinguished features of the proposed multi-time scheduling model are summarized as follows.
(1) Based on the differences in power regulation speed and regulating capacity of thermal power generators, hydro-pumped storage units, and batteries, a multi-time-scale scheduling framework composed of day-ahead scheduling, hour-level rolling correction scheduling, and real-time corrective scheduling is proposed for the coordinated operation of wind-photovoltaic-thermal-hydro power and battery units. The proposed scheduling method has fully explored the complementary operation features of multiple energy sources in different time scales and thus can effectively reduce the regulating pressure of thermal power generators.
(2) A predictive control algorithm incorporated with the rolling optimization and feedback correction is designed for the real-time corrective scheduling, which can effectively adjust the power outputs of thermal power generators, hydro-pumped storage units, and battery units in 15 min to ensure system operation security.
(3) Simulation results of a real park system in Guizhou demonstrate that the proposed model predictive control (MPC)-based multi-time-scale coordinated scheduling model can accurately track the wind-photovoltaic power load demands and improve the overall operation economic revenue and static security of the system. The paper is organized as follows: Section 2 presents the complementary characteristic of wind-photovoltaic-thermal power generators, hydro-pumped storage units, and battery units, and the multi-time-scale general framework of the combined system is proposed in Section 3, with the corresponding multi-time-scale models detailed in Section 4. In Section 5, simulations on the multi-energy complementary demonstration park system in Guizhou validate the effectiveness of the proposed method, and a conclusion is drawn in the last section.
Analysis on the Complementarity Operation of Wind-Photovoltaic-Thermal-Hydro Power and Battery Units
Wind turbines convert wind dynamic energy into electricity, and its power generation is large at night and small at daytime due to changing wind speeds, thus it usually has an anti-peaking operation characteristic. Solar panels could only generate electricity during daytime and the greater the intensity of solar radiation, the greater the photovoltaic power output. In other words, the wind power change between day and night time is strongly affected by stochastic fluctuations, while for solar intensity it is straightforward, and wind can be often strong at night time while the sun is not out at night time; therefore, though both wind and photovoltaic power generation have high levels of volatility separately, they are strongly complementary when combined in operation in the hourly time scale, and could be combined to smooth the fluctuations of their total power generation.
Since uncertain wind power and photovoltaic power outputs result in operation security issues of power systems, it is important to timely maintain power balance by some easily controllable power regulation devices. Hydro-pumped storage units, thermal power generators, and battery units are such kinds of controllable devices, but with different control features. Thermal power units convert heat energy from fuel combustions into electric power. Since the complicated structure of boiler systems translates into large inertia blocks, the power regulation speed of thermal power units is usually slow and; therefore, thermal power units face difficulty meeting the fast response speed requirement for rapidly changing fluctuations. As a special type of hydropower generator, hydro-pumped storage has two-way power adjustment capability, in terms of pumping water to consume exceeding electricity during off-peak hours and releasing water to generate electricity during peak hours. Generally speaking, hydro-pumped storage can effectively play the role of peak-shaving and valley-filling based on its large power regulation capacity and fast power regulation speeds. Battery units currently deployed in power systems are mainly the lead acid battery, advanced Zn/Br battery, advanced Na/S battery, and super capacitors, etc., and they have fast power regulation speeds, by rapidly charging or discharging, but relatively small power regulation capacity. Therefore, conventional batteries are suitable for alleviating the high-frequency fluctuations of wind-photovoltaic power generation. In summary, a thermal power generator has outstanding power regulation capacity but a slow power regulation speed at the hourly level, while a pumped storage unit has smaller power regulation capacity than that of a thermal power generator, but it has a faster regulation speed at the minute level. For a battery unit, its power regulation speed is excellent at second-level but its power regulation capacity is relatively low. Therefore, the coordination and complementary operation of hydro-pumped storage units, thermal power generators, and conventional batteries should be explored in different time-scales to counterbalance the power fluctuations of wind-photovoltaic power outputs for power system operation security.
General Framework for the Multi-Time-Scale Coordinated Operation of Combined System
The proposed multi-time-scale coordinated operation framework is mainly composed of three time scales including the day-ahead schedule, the hour-level rolling corrective schedule, and the real-time corrective schedule, which will be detailed in what follows.
Day-Ahead Schedule for Next 24 h
The day-ahead schedule is executed with an interval of 1 h for the next 24 h, and its objective is to minimize the power generation cost of battery-thermal-hydro-pumped storage. The power output limits, hourly ramping-up and down limits, and minimum on-off time constraints of thermal power units and hydro-pumped storage units, etc., are comprehensively considered in the model. Based on the wind-photovoltaic power load forecast data in the next 24 h, a mixed integer linear programming (MILP) model was established and solved to obtain the on-off status and optimal hourly power output of battery-thermal-hydro-pumped storage in the next 24 h.
Hour-Level Rolling Correction Schedule
The starting point is that there is the power deviation between the day-ahead scheduled power outputs of battery-thermal-hydro-pumped storage and the actual wind-photovoltaic power load in real time. In the traditional day-ahead scheduling, the power regulation burden mainly depends on thermal power units, and system power balance cannot be easily maintained due to the lack of fast power adjustment capability, which greatly affects system operation security. On the other hand, when the time scale of forecasting decreases, the wind-photovoltaic power load prediction accuracy increases. Therefore, based on the 3 h-ahead updated wind-photovoltaic power load forecast data, exerting strengths of fast response generators can be used as a corrector to modify the day-ahead scheduling plan for gradually reducing the deviation between the day-ahead power generation plan and the system actual wind-photovoltaic power load, thus reducing the power regulation pressure on thermal power units.
In the combined WPTHB system, the hydro-pumped storage can be effectively adjusted for operating at the start and stop states at a time scale of 15 min. Therefore, using the open-loop rolling optimization algorithm, the intra-day hourly rolling corrective schedule model could be established for power adjustment of thermal-hydro-pumped storage units. Specifically, with the premise of the fixed on-off status of thermal power units and the fixed power outputs of batteries in the day-ahead scheduling, the intra-day hourly power adjustment of thermal power generators and hydro-pumped storage units are solved based on the wind-photovoltaic power load updated 3 h ahead with an interval of 15 min.
MPC-Based Real-Time Corrective Scheduling
Inspired by the rolling optimization and feedback correction idea of model predictive control (MPC), an MPC-based real-time corrective scheduling model is established. The objective is to achieve the minimal power generation adjustment cost and ensure that batteries approach the planned power output determined in the day-ahead scheduling. On basis of the 15-min ahead updated wind-photovoltaic power load and the actual operating state of power generation equipment, the sequential power output adjustments of battery-thermal-hydro-pumped storage are solved for the next 15 min. Compared with the traditional real-time power correction, which is only optimized in one single time section, the proposed MPC-based real-time corrective scheduling model can optimize the power output of battery-thermal-hydro-pumped storage units in advance for 15 min by considering the changing tendency of wind-photovoltaic power load variations.
The proposed multi-time-scale coordinated scheduling framework for the combined WPTHB system is shown in Figure 1 . Appl. Sci. 2019, 9, Transfer the hydro pumped storage-thermalbattery scheduling plan and ensure that the on-off status of thermal units remains unchanged 
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Day-Ahead Schedule Model for Next 24 h
Considering network static security constraints and the day-ahead energy balance of hydropumped storage units and battery units, a DC power flow-based day-ahead scheduling model is developed to determine the optimal power outputs of combined WPTHB system.
a. Objective Function
The objective of day-ahead scheduling model is to minimize the combined system total generation cost. According to the forecasted wind-photovoltaic power load in the next 24 h, the power generation cost of thermal power units, hydro-pumped storage units, and batteries is taken into account as follows:
where is the total generation cost of combined system; is the number of optimization time periods; is the number of thermal power units; , ( ), , ( ) is the power generation costs of thermal power unit i; is the number of hydro-pumped storage units;
, , ( ), , , ( ) is the power generation costs of hydro-pumped storage unit j; is the number of batteries; ( , ( )) is the power generation costs of battery l. 
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Day-Ahead Schedule Model for Next 24 h
Considering network static security constraints and the day-ahead energy balance of hydro-pumped storage units and battery units, a DC power flow-based day-ahead scheduling model is developed to determine the optimal power outputs of combined WPTHB system.
a. Objective Function
where F day is the total generation cost of combined system; T is the number of optimization time periods; NG is the number of thermal power units; f G U day g,i (t), P day g,i (t) is the power generation costs of thermal power unit i; NH is the number of hydro-pumped storage units; f H U pum,day h,j (t), U gen,day h,j (t) is the power generation costs of hydro-pumped storage unit j; NB is the number of batteries; f B (P day b,l (t)) is the power generation costs of battery l.
where U day g,i (t) is the on-off status of the thermal power unit i at the t-th hour, 1 means on and 0 means off; P day g,i (t) is active power output of the thermal power unit i at the t-th hour; a g,i , b g,i , c g,i are generation cost coefficients of the thermal power unit i; S g,i is the starting cost of the thermal power unit i; U pum,day h,j (t) is the water pumping state of hydro-pumped storage unit j at the t-th hour, 1 means in the pumping state and 0 means in the non-pumping state; U gen,day h,j (t) is the power generation state of the hydro-pumped storage unit j at the t-th hour, 1 means in the power generation state, 0 means in the non-power generation state; C gen h,j is the starting cost for the power generation state of hydro-pumped storage unit j; C pum h,j is the starting cost for the pumping state of hydro-pumped storage unit j; C B,l is the power generation cost coefficient of battery l; P day b,l (t) is the active power output of battery l at the t-th hour and the positive value represents the discharging power and the negative represents the charging power.
b. Operation Constraints
The hourly ramping-up and down limits of the thermal power unit:
where ∆P − g,i,hour and ∆P + g,i,hour are the lower and upper ramping limits of thermal power units in 1 h, respectively.
The power output upper and lower limits of thermal power unit:
The minimum on-off time constraints:
where T on,day g,i (t − 1) is the hours of continuous "on" status of the thermal power unit i until the hour
is the hours that the thermal power unit i is continuously in the "off" status until the hour t − 1; MT on,day g,i is the minimum "on" time in hours of the thermal power unit i; MT o f f ,day g,i is the minimum "off" time in hours of the thermal power unit i.
The power output upper and lower limits of the hydro-pumped storage unit:
where P min h,j is the maximum pumping power of the hydro-pumped storage unit j (negative value); P max h,j is the maximum power generation of the hydro-pumped storage unit j (positive value); P day h,j (t) is the day-ahead power output of the pumped storage unit j at the hour t, and the positive value represents in the power generation state, and a negative value represents in the pumping state.
Coupling constraints for water pumping and power generation state of hydro-pumped storage units:
The reservoir energy balance constraint of hydro-pumped storage power station:
where E t is the reservoir energy of hydro-pumped storage station at the t-th hour, Hs is the collection of hydro-pumped storage units contained in the hydro-pumped storage station. The upper and lower limits of reservoir energy of the hydro-pumped storage station:
where E min , E max are respectively the minimum and maximum reservoir energy of hydro-pumped storage station. The reservoir energy of hydro-pumped storage station at the end of each day shall be ready for continuous utilizations in the next day:
where E 0 is the reservoir energy at the beginning of the day; E 24 is the reservoir energy at the end of the day under the day-ahead scheduling. The power output upper and lower limits of the battery l:
where P min b,l , P max b,l are, respectively, the maximum charging power (negative value) and the maximum discharging power (positive value) of the battery l.
The upper and lower limits of the battery energy:
where W day b,l (t) is the remaining capacity of the battery l at hour t; W min b,l and W max b,l are, respectively, the minimum and the maximum energy threshold of the battery unit l. W day b,l (0) is the initial energy of the battery l at the beginning of the day. W day b,l (24) is the remaining energy of the battery l at the end of the day in the day-ahead scheduling.
Power balance constraint:
where P day,w (t), P day,v (t), and, P day,Load (t) are the day-ahead forecast data of wind power, photovoltaic power, and load demand in the next 24 h, respectively.
System spinning reserve capacity constraint at hour t:
where r(t) is the system spinning reserve margin at the t-th hour. Power transfer capacity constraint of transmission line:
where G (·) represents the transmission lines' active power flow calculated based on a DC power flow model; P n is the capacity limit of nth transmission line.
Hour-Level Rolling Corrective Schedule
The hour-level rolling corrective scheduling is performed every hour, with an optimization cycle of 3 h and an interval of 15 min. The corrective power of thermal generators and hydro-pumped storage units in the next 3 h will be optimized in this time scale.
(1) Objective of hour-level rolling corrective schedule:
where F hours is the corrective power output cost of thermal power generators and hydro-pumped storage units; t 0 is the current time point. Since the interval is 15 min, there are 12 time periods for the next 3 h, so T0 = t 0 + 12; U day g,i (t) is the on-off state of the thermal power unit i at the t-th time period; P hours g,i (t) is the active power output adjustment of thermal power unit i with the on-off state solved in the day-ahead scheduling; U gen,hours h, j (t) and U pum,hours h,j (t) are, respectively, the power generation and water pumping states of the hydro-pumped storage unit j in the hour-level rolling corrective scheduling.
(2) Constraints of the hour-level rolling corrective scheduling
The ramping-up and down limits of thermal power unit in 15 min:
where P hours g,i (t) and P hours g,i (t − 1) are the amount of active power output adjustment of the thermal power unit i in the t-th time period and t − 1 time period (note: each time period is 15 min); ∆P − g,i,A , ∆P + g,i,A are, respectively, the lower and the upper limits of power adjustment for thermal power unit i in 15 min.
The power output upper and lower limits of the thermal generators in 15 min:
The power output upper and lower limits of the hydro-pumped storage unit in 15 min:
where P hours,0 g,i (t) is the sum of power output in day-ahead scheduling and the adjustment power output in hour-level rolling corrective scheduling for thermal power unit i, that is P hours,0 g,i (t) = P hours g,i (t) + P day g,i (t); similarly, P hours,0 h,j (t) is the sum of day-ahead scheduling power output and hour-level rolling corrective scheduling adjustment power output P hours h,j (t) of hydro-pumped storage unit j, that is P hours,0 h,j (t) = P hours h,j (t) + P day h,j (t). Coupling constraints for water pumping and the power generation state of hydro-pumped storage unit in 15 min: U gen,hours h,j
The reservoir energy constraints of pumped storage station:
where E hours t is the reservoir energy in the tth 15-min time period. E day t0 is the reservoir energy at the current time point t 0 under the day-ahead scheduling. x is the number of time intervals between the predicted time point and the current time point.
The constraint for continuous utilization of the hydro-pumped storage station in the next day:
where E 0 is the energy reservoir at the beginning of the day; E hours 24 is the reservoir energy at the end of the day in the hour-level rolling corrective scheduling.
System power balance constraints:
where P h,w (t), P h,v (t), P h,Load (t) are the 3 h ahead forecast data of wind power, photovoltaic power, and load demand, respectively. System spinning reserve constraints in 15 min:
where r(t) is the system spinning reserve margin for the tth 15-min time period. Power transfer capacity limit of transmission line:
where G (·) represents the power flow of transmission lines calculated based on the DC power flow model.
Real-Time Corrective Scheduling
The real-time corrective scheduling utilizes the feedback and rolling optimization of model predictive control (MPC) to accurately track the wind-photovoltaic power load demand. Based on the updated wind-photovoltaic power load forecast data in the next 15 min and the real-time actual power output of thermal power units, hydro-pumped storage units, and batteries; power adjustments of thermal power units, hydro-pumped storage units, and batteries are optimized for tracking load fluctuations in the next 15 min.
The proposed MPC-based real-time corrective scheduling model is composed of the following general steps: (1) Select the state variables X t = P g,i (t), P h,j (t), P b,l (t), W b,l (t) , i ∈ NG, j ∈ NH, l ∈ NB, which include the active power outputs of thermal power units, hydro-pumped storage units, and batteries, and the remaining energy of batteries; select the real-time power adjustment of thermal power units, hydro-pumped storage units, and batteries as the control variable ∆U t , The discrete space state model is as follows:
where i ∈ NG is the index of thermal power units; j ∈ NH is the index of hydro-pumped storage units; l ∈ NB is the index of batteries. Taking the state variable X t0 at the current time of t0 as the initial value, the discrete-state space model is iterated three times to obtain the state variable for the 15 min time period with a time resolution of 5 min. The MPC-based real-time corrective scheduling model is detailed in the following.
(1) Objective function Because day-ahead and hour-level scheduling basically guarantee the power generation economy of thermal power generators and pumped storage units, real-time corrective scheduling needs to correct the power output of thermal power units, pumped storage units and batteries in the presence of prediction errors, and ensure the total power output of the whole combined WPTHB system is accurately tracking prediction errors and that it reduces power regulation cost by (30).
where W and Q u are the coefficient matrices; t 0 is the current time; ∆t is 5 min; P is the number of prediction steps. Since the prediction time period is set to 15 min and the updated period is 5 min, so P = 3 here; X r t+τ∆t is the reference trajectory and X r t0+τ∆t = P hours,0 g,i (t0 + τ∆t), P hours,0 h,j (t0 + τ∆t), P day b,l (t0 + τ∆t)W day b,l (t0 + τ∆t) , i ∈ NG, j ∈ NH, l ∈ NB; X t0+τ∆t is state variable at the time t0 + τ∆t; X t0+τ∆t = [P g,i (t0 + τ∆t), P h,j (t0 + τ∆t), P b,l (t0 + τ∆t), W b,l (t0 + τ∆t)] , i ∈ NG, j ∈ NH, l ∈ NB; ∆U t0+τ∆t is the power adjustments of thermal power units, hydro-pumped storage units, and batteries, ∆U t0+τ∆t = [∆P g,i (t0 + τ∆t), ∆P h,j (t0 + τ∆t), ∆P b,l (t0 + τ∆t)], i ∈ NG, j ∈ NH, l ∈ NB.
(2) Constraints
where ∆P min g,i , ∆P max g,i , ∆P min h,j , ∆P max h,j , ∆P min b,l , ∆P max b,l are, respectively, the upper and lower limits of the allowable power adjustment of thermal power generators, hydro-pumped storage units, and batteries. ∆P m,w (t + τ∆t), ∆P m,v (t + τ∆t), ∆P m,Load (t + τ∆t) are, respectively, the forecast data of wind power, photovoltaic power, and load demand at the time t0 + τ∆t.
Case Studies
Parameters Setting
A multi-energy complementary demonstration park in Guizhou is used to test the proposed model. As shown in Figure 2 , the park is a nine-node system consisting of a wind farm, a photovoltaic plant, a hydro-pumped storage station, three thermal power generators, and two batteries. The hydro-pumped storage station has three pumped storage units, and the rated power and capacity of each unit are 50 MW and 950 MW·h, respectively. The rated power and capacity of each battery is 25 MW and 105 MW·h, respectively. Parameters of thermal power units are shown in Table 1 (a, b, and c are the fuel cost coefficients of (2) cited from [24] ). The actual and forecasted multi-time-scale wind-photovoltaic power load demand are given in Figure 3 . Specifically, Figure 3a completely presents the day-ahead forecasted load demand (DFLD) with an hourly resolution, the short-term forecasted load demand (SFLD) with a 15-min resolution, the ultra-short-term forecasted load demand (UFLD) with a 5-min resolution, and the actual load demand (ALD) at nodes 5, 7, and 9, respectively; Figure 3b shows the day-ahead, the short-term, the ultra-short-term forecasted, and actual wind power at node 7, while Figure 3c gives the day-ahead, the short-term, the ultra-short-term forecasted, and actual photovoltaic power at node 9.
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A multi-energy complementary demonstration park in Guizhou is used to test the proposed model. As shown in Figure 2 , the park is a nine-node system consisting of a wind farm, a photovoltaic plant, a hydro-pumped storage station, three thermal power generators, and two batteries. The hydro-pumped storage station has three pumped storage units, and the rated power and capacity of each unit are 50 MW and 950 MW•h, respectively. The rated power and capacity of each battery is 25 MW and 105 MW•h, respectively. Parameters of thermal power units are shown in Table 1 (a, b, and c are the fuel cost coefficients of (2) cited from [24] ). The actual and forecasted multi-time-scale windphotovoltaic power load demand are given in Figure 3 . Specifically, Figure 3a completely presents the day-ahead forecasted load demand (DFLD) with an hourly resolution, the short-term forecasted load demand (SFLD) with a 15-min resolution, the ultra-short-term forecasted load demand (UFLD) with a 5-min resolution, and the actual load demand (ALD) at nodes 5, 7, and 9, respectively; Figure  3b shows the day-ahead, the short-term, the ultra-short-term forecasted, and actual wind power at node 7, while Figure 3c gives the day-ahead, the short-term, the ultra-short-term forecasted, and actual photovoltaic power at node 9. (a) Actual and forecast load demands in multi-time scales at nodes 5, 7, and 9.
(b) Actual and forecasted wind power in multi-time scales at node 5. 
Simulation Results and Discussions
The proposed multi-time-scale coordinated scheduling model is essentially a MILP optimization problem, and it is solved by the CPLEX tool developed by IBM(International Business Machines) Corporation as a high-performance mathematical programming solver [25] .
a. Discussion on the day-ahead scheduling results
The day-ahead scheduling results of the WPTBH are shown in Figure 4 . In the time periods of 0:00-5:00 and 22:00-24:00, the hydro-pumped storage units and the batteries have charged electrical energy during off-peak load periods. In the peak load hours from 9:00 to 18:00, the hydro-pumped storage units and the batteries release electrical energy, which helps to maintain a stable active power output of thermal power units during the peak and off-peak hours. It can be clearly seen that the dayahead scheduling plan has a good peak-shaving and valley-filling performance due to hydropumped storage units and batteries, and they can reduce the climbing-up or down frequency of thermal power units. Additionally, as demonstrated in Figure 4b ,c, both the reservoir energy of the hydro-pumped storage station consisting of three units and the batteries at the beginning of the day are exactly the same as the energy reservoir at the end of the day. This means that the proposed model has guaranteed the continuous operation of hydro-pumped storage units and batteries on the next day.
PHOTOVOLTAIC POWER/MW Figure 3 . Actual and forecasted wind-photovoltaic power load demand in multi-time scales.
Simulation Results and Discussions
a. Discussion on the day-ahead scheduling results
The day-ahead scheduling results of the WPTBH are shown in Figure 4 . In the time periods of 0:00-5:00 and 22:00-24:00, the hydro-pumped storage units and the batteries have charged electrical energy during off-peak load periods. In the peak load hours from 9:00 to 18:00, the hydro-pumped storage units and the batteries release electrical energy, which helps to maintain a stable active power output of thermal power units during the peak and off-peak hours. It can be clearly seen that the day-ahead scheduling plan has a good peak-shaving and valley-filling performance due to hydro-pumped storage units and batteries, and they can reduce the climbing-up or down frequency of thermal power units. Additionally, as demonstrated in Figure 4b ,c, both the reservoir energy of the hydro-pumped storage station consisting of three units and the batteries at the beginning of the day are exactly the same as the energy reservoir at the end of the day. This means that the proposed model has guaranteed the continuous operation of hydro-pumped storage units and batteries on the next day. The hour-level rolling corrective scheduling model is conducted for the next 3 h with an interval of 15 min. The corrected power outputs of hydro-pumped storage units and thermal power generators are shown in Figure 5 . It can be seen that the deviation of 3 h ahead forecasted wind-photovoltaic power load with regard to the day-ahead forecasted wind-photovoltaic power load was well balanced in the hourlevel rolling corrective schedule by hydro-pumped storage units. In specific, hydro-pumped storage units rapidly adjust the charging and discharging power to bear the fast-fluctuated windphotovoltaic power load, while the thermal power units bear the slowly-changed load. The proposed hour-level rolling corrective scheduling model fully takes advantages of the fast power-regulation speed of the hydro-pumped storage units to reduce the ramping-up and down pressure of thermal power units.
c. Discussion on the real-time corrective scheduling results
In the real-time correction stage, the 15 min ahead forecasted wind-photovoltaic power load is used to correct the power outputs of thermal power units, hydro-pumped storage units and batteries.
The corrective active power outputs of thermal power units, hydro-pumped storage units and batteries are presented in Figure 6 . Both the hydro-pumped storage unit and the batteries can quickly adjust their active power outputs to alleviate the power output adjustment of thermal power units. The proposed real-time corrective scheduling model has fully explored the rapid power-adjustment capability of hydro-pumped storage unit and batteries to track the wind-photovoltaic power load fluctuation and thus well maintain system power balances in real-time.
The power deviation percentage is defined as the error of the total active power output of a scheduling plan benchmarked with the actual wind-photovoltaic power load. From the power deviation percentage comparisons of three time scales shown in Figure 7 , the power deviation percentage of the day-ahead scheduling plan is the largest. When the hour-level rolling corrective schedule is further conducted as the supplementary of the day-ahead scheduling, the power deviation percentage is greatly reduced but still with large fluctuations. If the real-time corrective It can be seen that the deviation of 3 h ahead forecasted wind-photovoltaic power load with regard to the day-ahead forecasted wind-photovoltaic power load was well balanced in the hour-level rolling corrective schedule by hydro-pumped storage units. In specific, hydro-pumped storage units rapidly adjust the charging and discharging power to bear the fast-fluctuated wind-photovoltaic power load, while the thermal power units bear the slowly-changed load. The proposed hour-level rolling corrective scheduling model fully takes advantages of the fast power-regulation speed of the hydro-pumped storage units to reduce the ramping-up and down pressure of thermal power units.
The power deviation percentage is defined as the error of the total active power output of a scheduling plan benchmarked with the actual wind-photovoltaic power load. From the power deviation percentage comparisons of three time scales shown in Figure 7 , the power deviation percentage of the day-ahead scheduling plan is the largest. When the hour-level rolling corrective schedule is further conducted as the supplementary of the day-ahead scheduling, the power deviation percentage is greatly reduced but still with large fluctuations. If the real-time corrective scheduling is further added to the hour-level rolling corrective schedule, resulting in the proposed integrated multi-time coordinated scheduling model, the power deviation percentage could be satisfactorily reduced, and the amplitude of total power-generation fluctuation is very small. The power deviation of day-ahead scheduling is large due to the very coarse day-ahead windphotovoltaic power and load prediction for the next 24 h. When the forecast data is hourly updated to correct the active power output of day-ahead scheduling, the hour-level rolling corrective scheduling plan could greatly reduce the power deviation percentage. In the real-time corrective scheduling stage, 5 min resolution ultra-short-term forecasting data is used to get a further re-correction plan to effectively track the wind-photovoltaic power load.
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Conclusions
In this paper, a multi-time-scale active power coordinated scheduling model is proposed for combined operation of the wind-photovoltaic-thermal-hydro power and battery units. The proposed multi-time-scale scheduling model was established with three stages: day-ahead scheduling, hour-level rolling corrective schedule, and MPC-based real-time corrective scheduling. Based on the mutual coordination of three time-scale scheduling methods, the predicted error between the optimized system total power generation and the actual wind-photovoltaic power load demand can be corrected step-by-step using day-ahead scheduling, hour-level rolling corrective scheduling, and real-time corrective scheduling from long-to short-time scales. Simulation results of the demonstration park in Guizhou validated that the proposed multi-time-scale coordinated scheduling model could well explore the distinguished power regulation speeds and power regulation capacity of thermal power units, hydro-pumped storage units, and batteries in different time scales, and; therefore, it can improve the economic operation and static security of combined systems. 
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